ABSTRACT The beam-scan allows the terrain observation by progressive scans (TOPS) mode to cover large azimuthal scenes in a short time, which also causes aliasing in both Doppler domain and azimuth time domain. In the TOPS mode, the most popular solution to overcome the aliasing problem is the ''subaperture'' method, which introduces sub-aperture partition and stitching operations. Aiming at an airborne digital array frequency modulated continuous wave (FMCW) SAR system, this paper discusses the removal of azimuth aliasing in the TOPS mode based on a full aperture imaging structure, by analyzing the Doppler characteristics of the echo signal of the airborne TOPS mode, the aliasing problem in the Doppler domain is avoided by properly setting system working parameters, which simplifies the imaging procedure; in addition, drawing up the idea of the de-rotation operation, we propose an improved frequency scaling algorithm, which removes the aliasing in the azimuth time domain without increasing the amount of processing data, and the algorithm contains only fast Fourier transformation and complex multiplication operations. The simulation results show that the algorithm can achieve the well-focused images of the airborne TOPS mode even in the case of serious aliasing in the azimuth time domain.
I. INTRODUCTION
As a wide-swath SAR imaging mode, TOPS solved the scalloping problem in traditional ScanSAR [1] . Nowadays, TOPS mode occupies a dominant position in wideswath SAR imaging and has been used in the European Space Agency (ESA) Sentinel-1 and the German Aerospace Center (DLR) TerraSAR-X [2] .
Airborne digital array FMCW SAR, which is one of the research foci of airborne SAR [3] , utilizes beam-forming technology to achieve simultaneous multi-mode imaging. It produces images with different resolutions and swathwidth when working in different modes. Particularly, when working in TOPS mode, it ensures the implementation of imaging tasks with better electromagnetic concealment, and in addition, this mode can also be GMTI [4] , [5] and electronic reconnaissance technology [6] combined. However, there is little study on airborne FMCW TOPS mode so far.
Besides the advantages, TOPS mode has also introduced problems in imaging procedure. The beam-scan makes the Doppler-centroid-frequency linearly change, which increases the total Doppler bandwidth. When the total bandwidth exceeds pulse repetition frequency (PRF), aliasing in Doppler domain occurs. Also, the beam-scan makes the azimuthal imaging width far beyond the sampling range in azimuth time domain introducing azimuth time domain aliasing. The aliasing problems make some of the classical algorithms [7] - [11] in traditional stripmap mode cannot be directly applied to processing the echo data of TOPS mode.
Several algorithms were developed to overcome aliasing problems. The most popular method is the ''subaperture'' procedure, for example, the extended chirp scaling algorithm (ECSA) developed for TerraSAR-X TOPS data processing [12] . Based on the ECSA, a more effective algorithm, called the baseband azimuth scaling algorithm (BASA), was proposed using a range-variant de-rotation operation in azimuth time domain to make sure the output focused data in different range sub-swath have the same azimuthal sampling interval, so that the stitching of range sub-swaths can be easily realized [13] . However, in these algorithms a raw data division operation and sub-aperture recombination has to be performed during data processing. In addition to the sub-aperture algorithms, full-aperture algorithms were also proposed, such as the wavenumber domain algorithm (WDA) [14] and generalized polar format algorithm (GPFA) [15] were adopted for TOPS data processing by adding pre-and post-processing steps, which needs interpolation operation and thus lack of efficiency during implementation. In order to improve the efficiency, there appears chirp scaling (CS) kernel based full aperture algorithms [16] - [18] , in these algorithms, oversampling operation [19] or a two-step pre-process with zero-padding operation [20] is usually adopted to avoid the azimuth aliasing, which means that extra amount of data needs to be taken into consideration, and CS based imaging structure is not available to process dechirp-on-receive echo data in FMCW SAR system. Frequency scaling (FS) algorithm [8] was able to process dechirp-on-receive echo data, but the original and the modified versions of this algorithm [21] , [22] were not designed to process TOPS mode echo data, which means that it cannot tackle with the azimuth aliasing problem exists in TOPS mode.
Aiming at airborne digital array FMCW SAR system, this paper proposes an improved frequency scaling algorithm to handle the azimuth aliasing phenomenon in TOPS mode, the method contains only fast Fourier transformation (FFT) and complex multiply operation without extra amount of data introduced. The contents of this paper are as follows: in Section II, the concepts of aliasing in azimuth time domain and Doppler domain are introduced. Then, the aliasing characteristics of airborne TOPS mode are analyzed. By setting up system parameters reasonably, Doppler aliasing is avoided, which simplifies the imaging process. In Section III, the echo model of FMCW TOPS mode and range dimension process based on frequency scaling method is discussed. In section IV, the azimuth processing of TOPS mode is discussed, in which the method of removing azimuth time domain aliasing based on a de-rotation operation is introduced. In section V, the method introduced is verified by simulation. Section VI is the conclusion. 
II. ALIASING PHENOMENON IN AIRBORNE TOPS MODE
The working principles of TOPS mode can be assumed to be a constant rotation of the beam around a virtual rotation center, as shown in Fig. 1 . The coordinate system of radar imaging plane is XOY, so the closest distance from radar to the center of scene is r 0 and that to the virtual rotation center is r rot .
The definition of shrinking factor [1] in TOPS mode is shown in (1):
It can be seen from (1) that α is a constant greater than 1 given system operating parameters. By calculating the value of shrinking factor, we can establish relationship between TOPS mode and stripmap mode in such parameters as azimuth resolution and target Doppler bandwidth, which can be used to quantitatively analyze the performance of TOPS mode. Take azimuth resolution as an example to illustrate the function of shrinking factor in analyzing the performance of TOPS mode: the duration of beam on a target in TOPS mode is 1/α times that in stripmap mode, which is because, for the same beam width, the beam-scan makes the speed of beam footprint on the ground α times the platform velocity v (in fact, the speed of beam footprint is not constant during scanning process, but this problem has little effect on the issue stated in this paper and thus in the following, a constant speed of beam footprint v f is assumed), thereby reducing the dwell time on a target; in addition, the azimuth resolution depends on the Doppler bandwidth of the target, so the relationship in azimuth resolution between TOPS mode and stripmap mode can be established by (2) .
In (2), T strip is synthetic aperture time in stripmap mode, T TOPS is the time duration of beam footprint on a target in TOPS mode and K a is Doppler frequency rate of a target.
In Fig. 1 , L s is moving distance of SAR platform and L total is irradiation range in azimuth direction during a complete beam-scan. L total can be calculated as (3).
L ef is effective range of irradiation in azimuth direction, indicating that the target lies within L ef can be completely irradiated by the beam. During imaging process, we only consider the targets that fall in this scope. L ef can be calculated according to (4) , where D is azimuth aperture size.
The beam scanning angular rate k ϕ in TOPS mode can be calculated according to (5) , where v is platform moving speed.
Fig . 2 shows the azimuth time-frequency diagram of TOPS mode. In order to quantitatively describe the change of Doppler centroid frequency, the concept of Doppler centroid rate is introduced, which can be calculated according to (6) , where λ is wavelength of the transmitted signal.
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In (7), T s is the scanning period of TOPS mode, i.e., the time taken to complete a beam-scan, and its relationship with θ scan and L s is shown in (8) .
The so-called azimuth Doppler aliasing means that total Doppler bandwidth of the scene exceeds the sampling range in Doppler domain. Similarly, if the irradiation range in azimuth direction exceeds the sampling range of the echo in azimuth time domain, it occurs the aliasing in azimuth time domain. The total length of irradiation range is L total , and the so-called azimuth sampling range refers to L s in Fig. 1 . In TOPS mode, the azimuth time domain sampling range is determined when azimuth theoretical resolution and maximum scanning angle are given, by comparing with L total ; it is easy to determine whether azimuth time domain aliasing exists.
In spaceborne TOPS mode, even if the scanning angle is very small (the maximum scanning angle in spaceborne TOPS mode is usually less than 1 • [2]), the aliasing phenomenon still exist in both Doppler domain and time domain since the working distance is very far. However, for airborne TOPS mode, the azimuth Doppler aliasing can be avoided by properly adjusting the system operating parameters, so as to simplify imaging process. By observing (3), (7) and (8), it is not difficult to find out that azimuthal illumination range L total , total Doppler bandwidth B total , and moving distance of platform L s is related to azimuth theoretical resolution and maximum scanning angle, thus in the following, we discuss the azimuthal aliasing of airborne TOPS mode by analyzing how L total , B total and L s vary with maximum scanning angle in different azimuth theoretical resolution. System operating parameters in simulation are listed in Table I , and the simulation results are shown in Fig. 3 . 
It can be seen from Fig. 3 that in airborne TOPS mode, given azimuth theoretical resolution, the aliasing phenomenon in azimuth time domain will exist regardless of maximum scanning angle, but only when the maximum scanning angle is increased to a certain value (13.42 • as marked in the figure) will appear Doppler aliasing phenomenon.
In order to simplify imaging process as well as ensure the advantages of airborne TOPS mode for large-scale imaging in azimuth direction, the maximum scanning angle is set to be 10 • , when there is no aliasing in Doppler domain. The system performance is analyzed in different azimuth resolution when the maximum scanning angle is 10 • and the analysis results are listed in Table 2 . The ambiguity number in azimuth time domain is calculated according to (9) .
It can be seen from Table 2 that ambiguity number in azimuth time domain is equal to shrinking factor, which further explains the characteristics of TOPS mode: covering a large illumination range while SAR platform travels a very short distance; and the azimuthal time domain aliasing problem is also introduced. When the value of shrinking factor is increased, M t also increases, that is, the azimuth time domain aliasing is more serious. In addition, when azimuth theoretical resolution is high, the ambiguity number in azimuth time domain is reduced, but the amount of processing data is significantly increased, which hampers the advantage of airborne TOPS mode and real-time imaging. Therefore, in later simulation of this paper, we choose to verify the effectiveness of the method in the azimuth theoretical resolution of 2m and 3m.
III. RANGE DIMENSION PROCESS
Assuming a chirp signal is transmitted in FMCW TOPS mode, as shown in (10) , where f c is carrier frequency, K r is the chirp rate and T P is the pulse repetition interval.
Dechirp-on-receive is usually adopted in FMCW SAR system, and its principle is to mix the echo with a reference signal assumed to be backscattered by the target located at the center of the scene. The reference signal is a chirp signal with the chirp rate of −K r . By some transformation and approximation, the signal of FMCW TOPS mode after the mixing operation can be expressed in the form of (11) [23] :
In (11), t a and t r are respectively azimuth slow time and range fast time, t 0 is the zero Doppler time of a target and τ 0 = 2r 0 c . The instant slant distance from the platform to a target is given by (12), which is not based on the stopand-go hypothesis [24] , r B is the closest distance from the target to platform moving trajectory. In (12) 
For the dechirped echo, the range compression is completed, which can be observed by transforming (11) into range frequency domain, as shown in (13), where f d is the Doppler frequency introduced by continuous move of the platform during signal transmission. From the sin c function in (13), we can see the range migration trajectory.
The main tasks of range processing based on frequency scaling are range cell migration correction (RCMC) and secondary range compression (SRC). The terms that need to be compensated can be more clearly shown when the echo is transformed into range-Doppler domain. Ignoring the RVP term (the forth exponential term in (11)), after a FFT in azimuth dimension of (11) yields the signal in range-Doppler domain, which is shown in (14) .
The β(f a ) in (14) is called migration factor, and its expression is shown in (15) .
The src f a , t r − 2r 0 c ; r B term in (14) is the so-called SRC term, which reflects the coupling information of range dimension and azimuth dimension, which can be expressed in (16) .
The space-variant character of RCM is efficiently removed by a scaling operation in frequency scaling algorithm. In addition, the frequency scaling algorithm does not take into account the range-variant character of SRC, which will introduce imaging errors for the targets not located at the center of the scene [21] . The detailed derivation of frequency scaling algorithm can be found in [8] , here only shows the procedure in the form of flowchart and simulation results of some key steps. The parameters used in the simulation are shown in Table 1 . Point targets are set up as Fig. 4 , in which 25 point targets in total are placed with the interval of 400m in azimuth direction and the interval of 200m in range direction. The processing flowchart and simulation results are shown in Fig. 5 .
From the echo in azimuth time domain shown in Fig. 5 , we can see the aliasing phenomenon of azimuthal dislocation of the targets assumed to be in the same range bins; and there is no Doppler aliasing, as shown in two-dimensional frequency domain of the echo, which is consistent with the settings in section II. In two-dimensional frequency domain of the echo, we can also observe the range migration trajectory. Since the beam-scan makes the Doppler bandwidth of the targets in TOPS mode much smaller than that in stripmap mode, the migration trajectory of each point target only occupies a small part of the full migration curve. After correcting the bulk range migration, we can see that the range migration phenomenon is eliminated, which proves that it is feasible to use frequency scaling algorithm for range dimension process.
IV. AZIMUTH DIMENSION PROCESS
After the range dimension process, the azimuth focusing procedure is followed, in which the method to remove the aliasing in azimuth time domain is discussed. According to the analysis of aliasing characteristics of airborne TOPS mode in Section II, the airborne TOPS mode echo data has serious aliasing in azimuth time domain. In order to get a well-focused image, aliasing in azimuth time domain must be removed before azimuth compression process. This paper draws on the idea of the Baseband Azimuth Scaling algorithm [13] , compresses the zero Doppler time of the target to its Doppler center time by scaling the signal in azimuth time domain, and thus eliminates the aliasing phenomenon.
In order to simplify subsequent analysis, the range dimension part of the signal is ignored, and the expression of the signal in Doppler domain can be written as (17) . In (17) , f dc is Doppler centroid frequency of the target, and its relationship with the target Doppler center time t c is f dc = K c t c , B a is target Doppler bandwidth, and t 0 is target zero Doppler time.
In order to make it convenient to grasp the function of the azimuth quadratic phase in subsequent process, the azimuth signal is re-modulated, replacing the hyperbola form of the azimuth signal by a parabola one. The re-modulation factor is shown in (18)
The first exponential term in (18) removes the hyperbolic variation of the azimuth signal and introduces a chirp signal in the second exponential term as a substitute. But unlike the SPECAN process [25] , this process also considers the Doppler centroid frequency modulation caused by beam-scan in TOPS mode. This can be seen from (19) to (21) . The calculation of r scl0 in (20) is crucial in removing the aliasing in azimuth time domain, and how it should be set up will be discussed later.
After re-modulation operation, the azimuth signal becomes a chirp signal with a chirp rate of K scl , and the next step is to eliminate the azimuth time domain aliasing by de-rotation VOLUME 6, 2018 operation [13] , preparing for the subsequent focusing process in azimuth time domain.
Transform the re-modulated azimuth signal into azimuth time domain by an inverse Fourier transform, and the azimuth time domain signal is shown in (22) , t s = t c · (α + R scl /r rot ) is the new Doppler center time after re-modulation operation.
The de-rotation factor is shown in (23) .
K rot is shown in (24)
Multiply the azimuth time domain signal by the de-rotation factor and transform the result into Doppler domain, we get the azimuth signal after de-rotation, as is shown in (25) ,
The f dc in the (25) is the new Doppler centroid frequency after de-rotation operation, which can be expressed by (26).
Substitute (19) ∼ (21) and (24) into (26), we get f dc = 0, that is, the linearly change of the Doppler centroid frequency due to beam-scan is eliminated.
The azimuthal quadratic phase can be removed through multiplying the signal shown in (25) by the factor in (27).
Azimuth time domain focus can be obtained by transforming (27) into azimuth time domain, and the focused signal is shown in (28).
It can be seen from (28) that zero Doppler time of the target after de-rotation operation is changed from the original t 0 to a new positiont 0 , and their relationship is established by (29).
Define the compression rate in azimuth time domain γ = R rot R rot −R scl . Combine (20) and (21), γ can be expressed in another form, as is shown in (30).
So the aliasing phenomenon in azimuth time domain can be removed by compressing the target's zero Doppler time to its Doppler center time. In TOPS mode, the relationship between t 0 and t c is shown in (31).
So as long as γ = 1/α is satisfied, the azimuth time domain aliasing phenomenon can be completely removed, and thus the value of r scl0 can be obtained by (32).
V. SIMULATION ANALYSES
In order to verify the validity of the method to remove the azimuth time domain aliasing in airborne TOPS mode, the simulated echo data of this mode are processed. System parameters are shown in Table 1 Fig. 6(a) . For comparison, assumeγ = 1/15, and the imaging results are shown in Fig. 6(b) . From Fig. 6(a) , it can be seen that all the point targets have been well-focused at the right position without aliasing, indicating that the method introduced is valid. As can be seen from the imaging results shown in Fig. 6(b) , due to the incorrect value of γ , the azimuth aliasing phenomenon still exists.
We enlarge three targets in Fig. 6(a) , and it can be seen from the selected focused point targets that as the target position deviates from the azimuth center of the scene, there appears skew in sidelobes between range dimension and azimuth dimension. The reason for this phenomenon is that for targets located away from the azimuth center of the scene, the beam irradiates with a squint angle, and this phenomenon becomes more serious for targets located at the azimuth edge of the scene, since beam is irradiating with a squint angle equal to the maximum scanning angle.
The quantitative analysis of the three point targets is summarized in Table 3 . It can be seen from the statistical results that the algorithm does not affect the focusing of the point target while effectively removing the azimuth time domain aliasing.
In order to analyze the robustness of the algorithm in removing the azimuth time domain aliasing, the case of ρ TOPS = 3 (when M t = 30) is discussed. According to the analysis of Section IV, assume γ = 1/30, and the imaging results are shown in Fig. 7(a) . As can be seen from Fig. 7(a) , all the points in the scene are still focused in the correct position without aliasing. If γ = 1/20, as in the case of ρ TOPS = 2, the azimuth time domain aliasing phenomenon cannot be completely removed, as shown in Fig. 7(b) , indicating the importance of properly setting up the value of γ .
Three point targets were selected from the focused image, their two dimensional resolution, two dimensional PSLR (peak sidelobe ratio) and two dimensional ISLR (integral sidelobe ratio) are calculated, and the results are shown in Table 4 . It can be seen from Table 4 that even in case of a more serious aliasing in azimuth time domain; the algorithm can effectively remove the aliasing phenomenon, and get a well-focused image at the same time.
VI. CONCLUSIONS
Aiming at airborne digital array FMCW SAR system, this paper discusses the azimuth aliasing issue in TOPS mode. By carefully setting up the system parameters, the aliasing phenomenon in Doppler domain can be avoided; and then complete RCMC and SRC of the FMCW TOPS echo data based on frequency scaling algorithm; at last, the aliasing phenomenon in azimuth time domain is removed by a derotation operation. Due to a lack of real data, the method is verified by simulated data and simulation results show that the algorithm introduced in this paper can obtain a wellfocused image even in case of serious azimuth time domain aliasing. The skewed sidelobes caused by squinted beam irradiation might affect two dimensional resolutions when the maximum scanning angle further increases, which is our research focus in the next step.
